The aim of this article is to introduce the operation principles of conductometric solid-state dosimeter-type gas sensors, which have found increased attention in the past few years, and to give a literature overview on promising materials for this purpose. Contrary to common gas sensors, gas dosimeters are suitable for directly detecting the dose (also called amount or cumulated or integrated exposure of analyte gases) rather than the actual analyte concentration. Therefore, gas dosimeters are especially suited for low level applications with the main interest on mean values. The applied materials are able to change their electrical properties by selective accumulation of analyte molecules in the sensitive layer. The accumulating or dosimeter-type sensing principle is a promising method for reliable, fast, and long-term detection of low analyte levels. In contrast to common gas sensors, few devices relying on the accumulation principle are described in the literature. Most of the dosimeter-type devices are optical, mass sensitive (quartz microbalance/QMB, surface acoustic wave/SAW), or field-effect transistors. The prevalent focus of this article is, however, on solid-state gas dosimeters that allow a direct readout by measuring the conductance or the impedance, which are both based on materials that change (selectively in ideal materials) their conductivity or dielectric properties with gas loading. This overview also includes different operation modes for the accumulative sensing principle and its unique features.
Introduction
In times of strict environmental requirements and an increasing demand for mobility and energy, a growing need for reliable, low concentration level gas-sensing devices comes along. Especially the detection of toxic, harmful gases, like SO 2 , NO and/or NO 2 (= NO x ), H 2 S, CO, or NH 3 , which can affect human health, particularly in workplaces and urban environments, are important target gases for gas sensors. Inexpensive sensor devices based on semiconducting metal oxides manufactured in ceramic technology or in thin-or thickfilm technology are installed in annual quantities of millions (Yamazoe, 2005) . The measurand is the conductance of metal oxides, as it depends on the analyte concentration. For information on the physical background of such sensors, the reader is referred to reviews in the literature (Göpel, 1994; Williams, 1999; Kohl, 2001; Yamazoe et al., 2003; Barsan et al., 2007) . Semiconducting solid-state gas sensors can be miniaturized and operated with low power consumption (Simon et al., 2001; Semancik et al., 2001) . However, most sensors show poor selectivity, nonlinear characteristics (Williams, 1999; Yamazoe et al., 2003) , and according to Padilla et al. (2010) , the main drawback is their lack of stability over time, leading to recalibration costs. Another issue is that increased sensitivity is often accompanied by a slow sensor kinetic. Even if the response time is fast enough for special applications, in many cases the recovery time is not. This does not really jeopardize low-cost applications for detecting dangerous conditions or alarm concentration levels. If, however, maximum allowable concentrations in emission or immission regulations are given in time-weighted average concentrations or cumulated amounts, like the immission standards for air quality monitoring as annual or hourly mean values, a mathematical integration of the linearized sensor signal is error-prone due to both slow sensor recovery times and baseline drifts.
For instance, NO 2 thresholds are given by the EU immission legislation Directive 2008 (Directive, 2008) or the German air quality standards (BImSchV, 2010) as an annual mean value of 40 µg m −3 , a one-hour value of 200 µg m −3 that should not be exceeded more than 18 times per calendar year, and an alert limit of 400 µg m −3 measured over three consecutive periods of one hour each. For comparison, the one hour limit of 200 µg m −3 NO 2 corresponds to a concentration of 0.1 ppm. In order to detect such small integrated concentration values by conventional semiconducting gas sensors with the required accuracy, complex procedures like continuous switching between clean air and analyte are required (Schütze et al., 1995) .
Solid-state dosimeter-type gas sensing principles comprise a promising method for overcoming the above-mentioned drawbacks. Like passive samplers, solid-state gas sensors working in the accumulating mode are adequate devices for the reliable detection of lowest pollution levels (Seethapathy et al., 2008) because the dosimeter principle eludes several problems of a conventional gas sensor (Yamazoe and Shimanoe, 2007) .
There are various publications on sensing devices mentioning an "irreversible reaction" or a very slow recovery time, not recognizing the benefits of this sensor behavior that differs from conventional gas sensors. The intention of this overview is to show exemplarily research papers that observed accumulating, integrating or irreversible gas-sensing properties. Sensor responses that do not recover in the absence of analyte under sorption conditions are denoted as "irreversible" in the following, even if the samples can be regenerated under modified operation conditions. It is a further aim of this study to elucidate the sensing principle and some special operation modes that allow a direct readout of the concentration as well as an accumulated concentration value at the same time and a plausibility check during regeneration.
This overview lists the different dosimeter-type gas sensing principles using the change of the electrical properties of the gas-sensitive material as the measurand. The focus of this overview is on conductometric integrating gas sensors but there are also optical (mostly organic dye-based coloration reactions) (Dasgupta et al., 1998; Tanaka et al., 1998 Tanaka et al., , 1999 Sasaki et al., 2001; Maruo, 2007; Maruo et al., 2009; Small et al., 2009; Bhalla et al., 2010) , SAW (Martin et al., 1996; Nieuwenhuizen and Harteveld, 1997) , field-effect transistors (FET) (Andringa et al., 2012; Klug et al., 2013) , quartz microbalance (QMB) (Matsuguchi et al., 2005; Jung et al., 2009) , and passive sampling (Roadman et al., 2003; Varshney and Singh, 2003; Seethapathy et al., 2008) devices that are able to detect very low gas concentrations in the ppb range.
This article reviews the basic working principles of conductometric solid-state gas dosimeters (Sect. 2). It considers the direct amount determination and the indirect concentration determination, influencing factors, and compares gas dosimeters with classical gas sensors. Certain basic examples for sensing devices using the dosimeter-type sensing principle are shown in Sect. 3. Section 4 describes modifications regarding the dosimeter setup and the operation modes. Fur-thermore, suitable or already applied materials are listed in Sect. 5.
Basic working principle of a solid-state gas dosimeter
The basic working principle of gas dosimeters relies on the accumulation of analyte gas molecules in the sensitive layer of the detecting device and the concomitant accumulation level dependent change of the electrical properties. The irreversible, selective, and progressive analyte sorption resulting in analyte accumulation can be caused by strong analyte sorption or a chemical reaction between the analyte and the receptor. Hence, gas dosimeters working in the accumulation mode (Yamazoe and Shimanoe, 2007) are often also denoted as "integrating" or "accumulating" sensors (Tanaka et al., 1999; Maruo 2007; Shu et al., 2010; Geupel et al., 2010; Groß et al., 2012b) . For the explanation of the accumulating sensing principle, a planar setup consisting of an insulating support with electrodes, e.g., interdigitated electrodes, covered with a sensitive layer, was chosen. This setup makes it possible to measure the conductance of the sensor layer.
Direct amount and indirect concentration detection
The benefit of the dosimeter-type sensing behavior is the direct determination of the dose of the analyte gas species or the mean concentration in a defined period of time without the need for a mathematical integration of the sensor signal.
In the case of a constant gas flow rate, the analyte dose as the measurand can be given in a simplified manner as the analyte amount or cumulated exposure A c , calculated according to Eq. (1) as the time integral of the analyte concentration c(t) with the starting point of the sorption interval t 0 :
A c is often given in the unit ppm s, which can be converted to µL or µmol if accounting for the applied gas flow rate. The determination of the amount A c as the measurand of the gas dosimeter is in accordance with national or international environmental immission or emission regulations, given, for instance, as mean time values, like the annual or 1 h limit.
Similar to passive samplers, the operation of dosimetertype gas sensors with an analyte sorbent as sensitive material can be divided into two alternating periods: the sensing or analyte sorption interval and the regeneration or analyte release step. The fundamental operation principle of an accumulating gas sensor is depicted schematically in Fig. 1 . Under sorption conditions, the analyte gas is sorbed "irreversibly" by the sensitive sensor layer since the sorption rate is enhanced compared to the desorption rate, provoking the Figure 1. Scheme of the operation principle of a dosimeter-type gas sensing device with a sensitive layer as an adsorbent: (a) alternation of analyte accumulation in the sorption period (blue) and analyte release upon regeneration (green), (b) sensor response |SR| during the analyte accumulation (blue) and during the short-term regeneration period (green).
change of at least one material property due to analyte accumulation. In a short regeneration step under defined conditions, the formerly sorbed analyte molecules are released from the sorbent and the sorption capacity is recovered. Dependent on the interaction between the sorbent and the analyte, different regeneration procedures are effective to recover the sorption capacity as well as the sensor signal. They include thermal decomposition at elevated temperatures (Katayama et al., 2004; Helwig et al., 2008; Kubinski and Visser, 2008; Brunet et al., 2008; Shu et al., 2010; Brandenburg et al., 2013; Groß et al., 2013a) , chemical reactions, e.g., by a changed gas atmosphere (Helwig et al., 2007 (Helwig et al., , 2008 Groß et al., 2012a) or optical-induced desorption, e.g., by UV light (Li et al., 2003; Helwig et al., 2008) .
As sketched in Fig. 1b , the absolute value of the accumulation-level dependent physical property that is monitored and evaluated as sensor response, |SR|, increases during the sorption period and recovers during regeneration. ". . . the sensor is designed to provide an output that intrinsically depends on the history of the input quantities" (Angelini et al., 2009) and therefore the sensor response correlates with the cumulated exposure. Hence, the electrical detection of the analyte might occur either during the sorption or during the release period (Kubinski and Visser, 2008; Groß et al., 2013a) . In the literature, this change in the accumulationlevel is detected mainly optically (Tanaka et al., 1999; Sasaki et al., 2001; Maruo, 2007) or gravimetrically (Matsuguchi et al., 2005) . Recently impedimetric approaches have emerged (Varghese et al., 2001; Mattoli et al., 2007; Helwig et al., 2008; Geupel et al., 2010; Shu et al., 2010; Hennemann et al., 2012a; Groß et al., 2012c) . Regeneration has to be initiated if saturation effects limit the sorption rate of the sensitive layer or if the sensing characteristic is deteriorated.
The dosimeter-type sensing properties are often demonstrated in two different ways, but always at a constant gas flow: first, by looking at the signal change as a function of the exposure duration at a constant analyte concentration; or secondly, by plotting the concentration-related characteristic line of the measured data after specific exposure duration. However, more information on the accumulating sensing properties is obtained by a repeated exposure to pulses of analyte gas with a defined concentration and duration.
A more detailed analysis of the ideal sensor response of a gas dosimeter with a linear sensing characteristic during the analyte sorption at a constant gas velocity is shown in Fig. 2 . Like the cumulated amount, A c , being the time integral of the concentration according to Eq. (1), the absolute value of the sensor response, |SR|, in Fig. 2a increases in the presence of the analyte gas. Thereby, the slope of the time-dependent sensor response reflects the sorption rate and correlates with the actual analyte concentration c(t) (Dasgupta et al., 1998; Sasaki et al., 2001; Reyes et al., 2006; Shu et al., 2010; Groß et al., 2012a; Mukherjee et al., 2012) . In the absence of the analyte, i.e., if c = 0 ppm, no signal recovery occurs, the sensor response remains constant and the response change due to the analyte is irreversible (Nieuwenhuizen and Harteveld, 1997) . The course of |SR| in Fig. 2a indicates progressive analyte accumulation in the sensitive layer. Ideally, the sensor response |SR| depends linearly on the analyte amount, A c (Fig. 2b ). When the characteristic line becomes nonlinear, the sensitive layer needs to be regenerated. The amount sensitivity S A is defined as the slope of the characteristic line in the linear measurement range.
In consequence of the concentration-dependent slope of the sensor response, the course of the current analyte concentration over time can be determined by the time derivative of the sensor response |dSR / dt|, as shown on the timescale in Fig. 2c . The corresponding concentration-related characteristic line with the concentration sensitivity S c is depicted in Fig. 2d . Instead of the equilibrated state, in the case of gas dosimeters, the sensor response change is evaluated. Figure 2 clarifies that with gas dosimeters two pieces of information can be obtained from just one sensitive device: the sensor response correlates directly and without mathematical signal operations with the cumulated analyte exposure, and the current course of the analyte concentration can be determined indirectly from the signal derivative. For an ideal dosimeter, the material acts as an integrator and the derivative reflects the actual concentration. This is in contrast to an ideal classical gas sensor, which determines the actual concentration but the dose has to be obtained by integration.
The accumulating sensing principle is well suited for the long-term detection of very low analyte concentrations. By the chemical accumulation of the analyte molecules in the sensitive sorbent, the dosimeter "counts" every gas molecule that reaches the sensitive layer and causes a change of the physical properties of the material. This chemical integration increases the accuracy of the amount determination compared to conventional concentration detecting gas sensors. There, the determination of the average concentration values or the cumulated exposure by mathematical integration of the concentration-related sensor response is error-prone in the case of very low gas concentrations due to slow sensor kinetics, zero-point drifts and nonlinearities in the measurement range (Corcoran and Shurmer, 1994) .
As described above, periodic regeneration recovers the sorption capacity of the sensitive layer as well as the sensor response. Concerning the observed saturation of gas dosimeters, e.g., in Geupel et al. (2010) , it needs to be distinguished whether those effects originate from the limited number of sorption sites in the analyte sensitive material or from a nonlinear correlation between the sensor response and the analyte loading level.
Influencing factors
Similar to passive samplers, different sensor setup parameters and measurement conditions influencing the dosimetertype gas sensing properties are reported in the literature and will be summarized and discussed.
Like conventional sensors, gas dosimeters may show cross sensitivities to other gases if those interact with the sensitive layer. They might restrict or promote the analyte sorption process, which would affect the analyte sensitivity. Additionally, the sensor response might change reversibly (Varghese et al., 2001) or irreversibly due to other gas components dependent on the strength of interaction with the receptor. For instance, the dosimeter-type NO x sensing properties of a carbonate-based sensitive layer were found to be affected by SO 2 in two ways: the competition between SO 2 and NO x for the sorption sites lowers the NO x sensitivity as well as the measurement range. Furthermore, the conductivity is irreversibly affected by sulfate formation, enabling SO 2 dosimetry (Groß et al., 2012d) .
The analyte sorption properties of the sensitive material are also influenced by the operation temperature. Due to kinetic limitations, the sorption rate diminishes at lower temperatures; however, the strength of the analyte receptor interaction increases, resulting in accumulating properties due to a reduced desorption rate. With increasing temperature, analyte sorption occurs faster and the sensitivity is enlarged. However, since the sorption capacity is reduced and the strength of interaction is weakened, the sensitive layer tends to release formerly sorbed analyte molecules. Hence, higher temperatures increase the sensitivity of gas dosimeters but reduce the linear measurement range (Groß et al., 2012a) .
While the equilibrated sensor response is monitored with conventional sensors as a measure of the analyte concentration, the progressive change of the material properties of gas dosimeters during analyte sorption serves as the measure of the cumulated amount. Hence, for the accumulating properties of the gas dosimeter it is very important that the chemical equilibrium is strongly shifted to the product side. Since the chemical equilibrium is strongly affected by temperature, it is possible that the same sensitive device can act like a gas dosimeter at low temperatures, while at higher temperatures it shows the typical concentration-related gas sensor behavior (Reyes et al., 2006; Shu et al., 2010; Andringa et al., 2012) . Brandenburg et al., 2013 demonstrate this temperature-dependent behavior for a sensitive layer of a carbonate-based NO x storage material. The sensor shown in Fig. 3 acts as an accumulating-type gas sensor up to 450 • C, whereas the enhanced NO x desorption rate in the absence of analyte deteriorates the sensor response at 550 • C. At 650 • C, response and recovery of the sensor signal to pulses of NO x are very fast and the sensor behaves like a concentration detecting device ( Fig. 3c ) (Brandenburg et al., 2013) .
Another influencing factor is the thickness of the sensitive layer being related to the sorption capacity (Nieuwenhuizen and Harteveld, 1997; Shu et al., 2011) . Groß et al. demonstrated the dependency of the dosimeter-type NO x sensing properties on the thickness of the carbonate-based sorbent. Since nitrates form mainly at the surface of the sorbent, the sensitivity of the NO x accumulating sensor decreases with a growing layer thickness as the linear measurement range increases (Groß et al., 2012b) . Additionally, the sensor response time concerning the concentration detecting properties was found to increase with the layer thickness.
Similarly, it is expected that the analyte uptake can be influenced by the sensitive surface area and hence the porosity of the sorbent.
As will be discussed in detail in Sect. 4, the setupdependent gas velocity across the sensitive material was found to affect the analyte sorption (Beulertz et al., 2011 .
The main characteristics of the classical and the dosimetertype sensing principle -particularly for low level detectionare briefly compared in Fig. 4 . Some further advantages of the dosimeter-type sensor principle should be mentioned here. The long-term zero drift, being a drawback of conventional gas sensors, is avoided by redefining the zero level at the end of each regeneration period.
While the sensors' response and recovery times, defined as the time span to reach the equilibrated states, are critical parameters for classical gas sensors, in the case of gas dosimeters the sensor signal change due to analyte accumulation is analyzed. Since the actual concentration value is given by the derivative, the sensor response is very fast.
It should also be mentioned that the measurement range and the sensitivity of the gas dosimeter can be adjusted during operation by varying the working temperature. 
Examples for conductometric gas dosimeters
In the following, some work on conductometric or impedancemetric sensors working in the accumulation mode for different analytes and with various sensitive materials are discussed exemplarily.
Shu and colleagues presented a resistive NO 2 sensor based on iron (II) phthalocyanine that is operated at room temperature (Shu, 2010; Shu et al., 2010 Shu et al., , 2011 . Figure 5 depicts the course of the measured resistance R during cyclic exposure to NO 2 for 30 min in concentrations of 0.5, 1, and 2 ppm. The total flow rates were 0.95, 0.43, and 0.25 L min −1 , respectively. For all applied concentrations, the typical curve shape of a dosimeter-type gas sensor signal is observed. While dosing NO 2 in N 2 with a constant concentration, the resistance decreases with a steady slope and remains at its level during the intermediate N 2 phases, resulting in plateaus in the response course. Unfortunately, the effect of NO 2 is relatively low (R/R 0 ≈ 1 to 0.88) and the characteristic line is not linear. The regeneration of this NO 2 chemo-dosimeter is achieved thermally. The influence of the temperature was investigated in the range from −46 • C to 71 • C. For the difference of ∼ 50 • C the resistance decreases approximately one order of magnitude. With increased temperature the desorption effects increase. Regarding the long-term stability, an increase of the conductivity during storage in air due to the adsorption of H 2 O and O 2 , an effect which is known for metal containing phthalocyanines, can be observed (Shu, 2010) .
Helwig et al. realized a dosimeter-like p-type conductometric gas sensor with a hydrogenated diamond (HD) as pH sensitive material for NO 2 and NH 3 as analytes Helwig et al., 2013) . Figure 6 compares the resistance changes of the HD-sample to those of a conventional metal oxide (MOX)-based device in dry synthetic air. Due to the electrolytic dissociation of the gases in the sensitive layer, the resistance at room temperature decreases stepwise in the presence of NO 2 pulses (Fig. 6a , red line) and increases in the NH 3 -containing atmosphere (Fig. 6b , red line). For both analytes, the sensitive hydrogenated diamond device works like an integrator-like gas sensor, whereas the signal of the metal oxide-based gas sensor (black line) shows the expected behavior of a conventional concentration related gas sensor. The recovery times of the dosimeter can be enhanced by a temperature increase, or by ozone or UV light. Figure 6c shows the reset of the sensor response after exposure to NH 3 in different concentrations by a short O 3 pulse after each ammonia phase, causing the oxidation of NH 3 at the sensor surface at room temperature (Helwig et al., 2008) .
In another example, a lean NO x -trap material known from automotive NO x storage catalysts was applied as the NO x sensitive layer . At 380 • C, the carbonate-based material accumulates NO and NO 2 chemically by forming nitrates. Due to nitrate formation, the resistance decreases, enabling total NO x dosimetry. Figure 7 demonstrates the suitability of the carbonate-based dosimeter for the long-term detection of NO 2 even in the sub-ppm range. The sensor response |SR| = |∆R| / R 0 in Fig. 7a follows the characteristic behavior of an accumulating gas sensor during cyclic exposure to 0.2 to 2 ppm NO 2 in steps of 75 s over 50 min. |∆R| / R 0 completely overlaps with the normalized time integral of the concentration, ∫ c NO 2 (t)dt (with c NO 2 (t) calculated from mass flow controller output data), which is shown in green as a reference for the course of the cumulated amount. The corresponding characteristic line gives a linear correlation between the sensor response |∆R| / R 0 and the analyte amount A NO 2 (Fig. 7b ). Due to this linearity, the time derivative of the resistance |dR / dt| reflects the course of the NO 2 concentration, as shown in Fig. 7c . In accordance with the European air quality standards limit of 200 µg m −3 NO 2 (≈ 0.1 ppm) and the applied flow rate of 2 L min −1 , this hourly threshold of about 360 ppm s could be monitored for at least 3.7 h with the sensitivity of the NO x dosimeter shown in Fig. 7b , whereas it is even 18.5 h for the annual value of 40 µg m −3 . Besides the sensitivity, the lin-ear measurement range of the presented sensor was found to be affected by temperature as well as by the thickness (Groß et al., 2012b) of the sensitive layer. The linear range always ends at a sensor response change of about 30 to 40 %. Regeneration is achieved by increasing the temperature to 650 • C (Groß et al., 2013a) or switching to reducing gas atmospheres .
Further examples for resistive-type gas dosimeters will be given in the next sections with the focus on modifications of the gas dosimeter setup and with special respect to the operation mode as well as to suitable sorbent materials.
Modifications of the dosimeter principle
Several conductometric sensors relying on the accumulating detection principle are reported. In this section, examples for modifications of the above-described dosimeter-type sensing principle are summarized. First of all, different configurations of the sensor setup and the associated influencing factors are described before discussing alternative operation modes.
Dosimeter setup configurations
The access of the analyte molecules to the sensitive layer, impacting the sensing properties particularly in the case of gas velocity fluctuations, can be varied by the gas dosimeter setup. Equation (1) defines the concentration-related amount of analyte A c in the gas phase as the time integral of the concentration. However, for fluctuating flow rates, the analyte dose is better reflected by the volume-related amount A V as the time integral of the concentration and the gas flow ratė V(t) according to Eq. (2):
( 2) IfV(t) denotes a volume flow ([V(t)] = m 3 s −1 ), the unit of A V is m 3 (or here µL). If, however,V(t) is a molar flow ([V(t)] = mol s −1 ), then the unit of A V is mol, i.e., [A V ] = mol. Hence, the sensor signal of real amount-integrating gas dosimeters is expected to depend on the gas velocity. Otherwise the sensitive device works as a concentration integrator, allowing for concentration information by analyzing the signal derivative (Sect. 2.1). Beulertz et al. (2011) investigated the influence of the flow rate on the sensor response of a carbonate-based NO x dosimeter. Figure 8a depicts the time course of the sensor response |SR| = |∆R| / R 0 of the NO x dosimeter in the planar sensor setup at various flow rates. Exposed to the same analyte concentration profile, the sensor response of the planar sensor with a sensitive area of 42 mm 2 placed in a quartz tube with an inner diameter of 9.2 mm increases -but independently of the gas flow rate, ranging from 200 to 400 mL min −1 . The corresponding characteristic lines in Fig. 8b , correlating the sensor response with the volumerelated amount A V (here denoted as A NO ), reveal that for the same total amount of NO in the gas stream, the sensor response |SR| = |∆R| / R 0 differs for the applied gas flow rates. This implies that a planar gas dosimeter measures the integral of the concentration A c independently of the gas flow rate, according to Eq. (1), and not the real, gas velocity-dependent amount of the analyte gas, A V , according to Eq. (2). This behavior can be explained by the fact that the gas velocity is very high and that only a small fraction of the gas stream passing the setup reaches the sensitive layer to be accumulated. In the investigated flow rate range, the analyte con-centration near the sensitive layer is always constant and unaffected by the sorption capability of the sensitive material, resulting in same sensor responses independent of the gas velocity.
For further investigations on the NO x dosimeter, a flowthrough channel-type sensor, as sketched in Fig. 9a , was developed in order to obtain full analyte storage Moos et al., 2012) . Due to the use of two sensitive layers with bigger sensitive areas of 126 mm 2 (threefold longer compared to planar setup) with a small spacing in between, the diffusion of the passing analyte molecules to the sorption sites should be enhanced. The applied gas flow rate was adapted to the new geometry in such a way that the gas velocities across the sensitive layers were the same as in the planar setup. Hence, the measurements were carried out at flow rates of 30 to 60 mL min −1 . All these modifications yielded a residence time of 151 ms, a value which is in the same order of magnitude as in the small channels of an automotive lean NO x catalyst, in which one can observe a full storage without NO x slip. A second channel-type sensor was located downstream of the first dosimeter to detect the NO x slip. The sensor responses |SR| of the two channel-type sensors upon various NO concentrations and for the different flow rates are summarized in Fig. 8c . The response of the downstream sensor ("second sensor") remains zero for all runs. This indicates that for all applied flow rates, NO is completely sorbed by the sensitive layer of the first channeltype dosimeter. Comparing the sensor responses of the first sensor, a clear dependence of the sensor response on the gas flow rate for this channel-type setup appears. The higher the gas flow rate and, consequently, the higher the total exposed NO dose is, the higher is the sensor response. The characteristic lines demonstrate that in fact the same volume-related amount of analyte gas in the gas stream causes the same sensor response change. The sensitivity is independent of the gas velocity (in Fig. 8d , A V denoted as A NO ). Hence, the channeltype sensor setup can be used to establish a real amount integrating gas sensor, whereas the simple planar setup serves as concentration integrator with the benefit of a correlation between the sensor response derivative and the actual concentration. A typical application of a concentration integrating dosimeter might be in the field of health protection for working people or air quality monitoring where the sensing device must be independent of the gas flow rate, while the amount integrating dosimeter is an appropriate tool in exhaust lines where the gas flow rate changes rapidly.
In a further development, a tubular, low temperature cofired (LTCC)-based NO x sensor setup with a buried heater structure was established ( Fig. 9b) (Kita et al., 2012) . Due to this rotational symmetric setup, the analyte can be sorbed uniformly by a sensitive layer deposited onto the inner surface of the tube. The enhanced interface between the gas phase and the sorbent also enables integrating sensing properties with linear characteristics concerning the volumerelated amount. The buried heater structure allows a uniform and adjustable temperature distribution in the sensitive layer as well as periodic switching between the sorption and the regeneration temperature (Brandenburg et al., 2013) .
Another design of a gas dosimeter, similar to the setup of passive sampling devices, was introduced by Mattoli et al. (2007) for a mercury sensor with a gold layer as sorbent. As shown in Fig. 10a , the sensitive layer is located inside a sampling chamber closed by a filter material functioning as diffusion barrier. To reach the sensitive sorbent layer, the gas needs to diffuse through the filter, resulting in a gradient of the analyte concentration (here Hg) between zero at the sorbent (acting as analyte sink) and the surrounding gas concentration (Fig. 10b) . Hence, the uptake of the analyte in the sorbent is diffusion controlled, leading to an analyte current that depends linearly on the analyte concentration in the ambience. The independency of the analyte uptake on the velocity of the passing gas stream results in concentration integrating properties of the sensing device. Upon exposure to gaseous elemental Hg, the dosimeter changes its sensor signal irreversibly. With growing number of mercury injections, the total amount of adsorbed Hg is concomitantly increased, which is reflected by the sensor signal. With this sensor design, real-time monitoring of low levels of gaseous analyte is possible with a small size, low weight and low cost device applicable for personal safety.
Different options for the arrangement of gas dosimeters in gas pipes are possible to decrease the gas velocity across the sensitive layer, for instance to place the sensing device in a bypass with or without a gas pump to ensure a constant gas stream .
Operation modes of gas dosimeters
As discussed, the proportionality between sensor signal and cumulated analyte amount of linear gas dosimeters allows for time-continuous direct dose detection during the sorption period and, depending on the setup, for concentration information by analyzing the signal derivative. However, gas dosimeters might also be operated in different modes. Some examples are described in the following. A summary concludes this section.
As described above and depicted in Fig. 1b , the analyte accumulation level of the sorbent is reflected by the electrical properties during the sorption period as well as during the subsequent analyte release in the regeneration interval. Hence, the analysis of the sensor signal change during the regeneration interval is another method for operating gas dosimeters. It was demonstrated on a potassium and manganese containing NO x sensor that, after the sorption period under sorption conditions, the change of the electrical conductance during thermal decomposition of the formerly formed nitrates correlates with the preceding sorbed analyte amount (Groß et al., 2013a) . A schematic drawing of this novel method is given in Fig. 11 . Since it combines electrical characterization of the sorbent with temperature programmed desorption of the analyte, it is also denoted as eTPD. Due to the heating from the sorption to the desorption temperature, the thermal activated conductance G of the sensitive layer increases as well (Fig. 11b) . Thereby, the conductance of the material in the NO x loaded state, G, exceeds those of the unloaded sample, G 0 . The thermal release of the formerly sorbed analyte is indicated by a desorption peak with the concentration c released (measurable by an NO x analyzer downstream of the sensor). Upon this thermal release, the curve of the conductance of the sensitive layer in the analyte-loaded state, G, converges to those in the unloaded state, G 0 (Fig. 11a) . The monitored desorption peak and the course of the conductance can be analyzed, as sketched in Fig. 11b . The desorption peak gives information on the formerly sorbed analyte amount, being equal to the released amount A released = ∫ c released dt if the regeneration is complete. The deviation of the thermally activated conductance after NO x loading, G, from the course in the unloaded state, G 0 (Fig. 11b) , was evaluated as sensor signal during the regeneration interval (Fig. 11c ) and is defined as F G according to Eq. (3). Figure 11c depicts the dependency of the resulting sensor signal, F G , and the released analyte amount, A released .
(3) Figure 12 summarizes the results of an eTPD analysis of the potassium and manganese containing NO x dosimeter operated at a sorption temperature of 380 • C and heated to 650 • C for thermal regeneration. During both intervals, the sensor was applied to a lean gas mixture of 2 L min −1 . To achieve different NO x loading levels, the sensor sample was exposed to 8 ppm NO or 8 ppm NO 2 for a duration t NO x ,in between 0 s and 1000 s. The NO x loading level, evaluated as the released amount, A released (measured by a chemiluminescence detector), increases proportionally to the NO x exposure time, t NO 2 ,in , at the fixed NO x concentration of 8 ppm, indicating a time-constant sorption rate (Fig. 12a ). In Fig. 12b , the curves of log G during heating after different NO 2 exposure intervals from 250 to 1000 s are compared to those without NO 2 dosing (log G 0 , after 0 s NO 2 ). The temperature at which all the curves meet, here about 620 • C, represents the end of the nitrate decomposition. Figure 12c clarifies that for NO or NO 2 dosage, the electrical response, F G (Eq. 3) , during thermal regeneration serves as an electrical measure for the former NO x loading level, since F G correlates with A released . Figure 12 reveals that, besides of the real-time and time-continuous detection of the analyte dose during the sorption period, the NO x loading state as well as the cumulated NO x exposure can also be determined electrically during the short-term thermal release. In this operation mode, the gas dosimeter can be seen as passive sampler with an internal sensor function to determine the sampled analyte dose electrically instead of applying an external subsequent gas analysis in the laboratory. By combining these two operation modes (measurement during sorption and desorption), it is expected that the redundant information enables a plausibility consideration of the timeresolved sensor signal (Groß et al., 2013a) .
Similarly, the NH 3 loading level of zeolites being applied for the selective catalytic reduction (SCR) of NO x was electrically investigated during thermal NH 3 release by Kubinski et al. (2008) and the Simon group (Rodríguez-González et al., 2008; Rodríguez-González and Simon, 2010; Simon, 2011, 2012) . Kubinski et al. (2008) described a linear correlation between the average alternating current I Average at a constant applied AC voltage (5 V P−P ) at a frequency of 4 Hz during the thermal NH 3 release and the duration of the previous NH 3 exposure of an SCR catalyst-based conductivity sensor (Fig. 13 ). For reaching a lowly loaded state, the sensor was exposed to a constant NH 3 concentration, as indicated in a base gas atmosphere of 5 % O 2 and ∼ 1 % H 2 O in N 2 for time durations from 0 to 40 min. Measuring I Average during thermal NH 3 release enables the in situ monitoring of the former NH 3 loading level with a higher sensitivity compared to those in the sorption mode.
A similar example for the investigation of the electrical properties during release of a chemisorbed gas species was the work of Rossé et al, 1984 . They found that a CdSe thin film irreversibly sorbs oxygen and can be thermally regenerated, causing a measurable change in the resistance.
The different operation modes of gas dosimeters are summarized in Fig. 14. As discussed in detail, the cumulated analyte exposure as well as the analyte loading level of the sensitive material can be electrically detected either during sorption (including concentration information from the derivative) (Fig. 14a) or regeneration (Fig. 14b ). Due to the correlation between the analyte amount and the sensor signal, it is possible to determine the mean analyte concentration also by the time ∆t spec that is needed to reach a defined loading state of the sensor, indicated by a specific signal change |SR| spec (Fig. 14c ). For instance, the frequency of regeneration might serve as a measure for the analyte concentration. Due to a limited linear measurement range, the regeneration needs to be initiated at a predefined sensor signal before the signal saturates. Further, the time to reach a percolation threshold, t perc , indicated by a steep increase or decrease in the conductivity of the percolation dominated dosimeter, may serve as the measure for the mean concentration (Fig. 14d ). For both time-measuring modes, no instantaneous information on the cumulated exposure or the actual concentration is obtained.
Gas dosimeters based on percolation effects
Percolation effects (Ulrich et al., 2004) may modify the sensing characteristics of gas dosimeters, as investigated and described in detail for soot sensors being similar to gas sensors. Several soot sensors for diesel particulate filters consisting of an insulating substrate with electrodes on top have been reported (Ochs et al., 2010; Weigl et al., 2010; Hagen et al., Figure 13 . Average current I Average during heating up to 520 • C for thermal regeneration of a zeolite-based NH 3 sensor depending on the NH 3 loading time, t NH 3 loading . The SCR catalyst material was loaded at a temperature of ∼ 267 • C in a gas stream composed of 5 % O 2 and ∼ 1 % H 2 O in N 2 containing NH 3 , as indicated for 0 to 40 min. Adapted from Kubinski and Visser (2008) ; reprinted with permission from Elsevier. 2010; Kondo et al., 2011; Husted et al., 2012; Bartscherer and Moos, 2013) . The resistance between these electrodes is analyzed. It serves as a measure for accumulated soot particles on an insulating support. Figure 15 schematically depicts the formation of conductive pathways for the soot sensing device in its different states of soot loading. The soot deposition is driven by electrophoresis due to the applied voltage, U. Soot paths start to grow at the electrodes. From Fig. 15a to d, the amount of deposited conductive soot particles on the substrate surface between the electrodes increases. For the unloaded and lowly soot loaded state, almost no current, I, flows and the resistance between the electrodes, R, is almost infinite (R → ∞). The sensor remains blind until the percolation threshold is reached after an exposure time of t perc . Then, the formed conducting paths cause a fast decrease of the resistance (R < ∞). Further soot accumulation leads to an additional current increase or resistance decrease (R ↓). An additional low-conducting layer on top of the electrodes made of a resistive paste may reduce the sensor blind time. Owing to the low conductivity of the added layer, the soot amount can be detected in the accumulation mode without percolation effects (Bartscherer and Moos, 2013) . The actual soot concentration can be determined from the percolation time t perc (time to reach a certain value of I) (Ochs et al., 2010) or from the slope dI / dt (Weigl et al., 2010) . As soon as a predefined current is reached, the sensor device is heated, the soot burns off, and after cooling to operation temperature, the regeneration is completed and a new accumulation period starts. Another example for dosimeter type gas sensors using percolation effects is given by Hennemann et al. (2012b, c) and Sauerwald et al. (2013) . Applying CuO nanofibers as H 2 S sensitive materials, the change of conductance of the fibers upon pulsed H 2 S dosing is measured. When adsorbing H 2 S, the conductance of the fibers increases due to their transition from CuO to CuS. However, as shown in Fig. 16a , the conductance G does not change during the first H 2 S pulses, but after reaching the percolation threshold, a conductive pathway of CuS in the CuO layer is formed and the conductance increases promptly. Beyond the percolation threshold, the sensor behaves like a H 2 S integrating gas sensor. Nevertheless, saturation effects deteriorate the sensor signal soon after reaching the percolation threshold. If one plots the re-ciprocal value of the percolation time t perc (defined as the time when the percolation threshold is reached, denoted as "switching time" in the work of Hennemann et al., 2012a) as a function of the H 2 S concentration, Fig. 16b implies a linear dependency, demonstrating clearly that t perc decreases with increased H 2 S concentration. Hence, a direct measurement of the actual concentration and dose of H 2 S is not possible; however, by the evaluation of the switching time the average concentration and the total amount of H 2 S in a certain period of time can be determined indirectly (Hennemann et al., 2012a) .
Similarly, the electrical properties of a Ni-based catalyst pellets were examined by impedance spectroscopy during the exposure to H 2 S. Before sulfur poisoning, the conductance is very low due to the high dispersion of the Ni particles in the catalyst, i.e., the impedance is dominated by the permittivity of the pellet material. With the addition of H 2 S, nickel sulfide forms. Due to the enhanced volume of the nickel sulfides compared to the Ni particles, the distance between the conductive particles diminishes. Reaching the percolation threshold, the conductance increases immediately due to the formation of conductive pathways of nickel sulfides, allowing also dosimeter-type H 2 S detection (Fremerey et al., 2012) .
It should be clear, however, that accumulating percolationtype gas sensors cannot display the instant value directly. Since they act like switches if a certain accumulation level has been reached, however, the time span between two percolation events can be seen as an indicator for the average concentration between the two events.
Suitable materials for accumulating gas sensors
To find adequate materials in gas dosimeter application, it is necessary to define the required properties of these materials. In general, the following five main criteria were found to be crucial for the proper selection of materials as sensitive components of gas dosimeters with a linear sensing characteristic (Groß et al., 2012a) .
1. Selective sorption of the analyte: only one distinct gas species should accumulate in the sensitive layer, e.g., by chemisorption, including the chemical transformation of the material. To obtain linear sensing characteristics, the sorption rate should be proportional to the current analyte concentration in the gas phase.
2. Strength of sorption: the analyte sorption rate has to exceed largely the desorption rate to ensure accumulation of analyte molecules in the sensitive material without releasing formerly sorbed molecules in the absence of the analyte in the gas atmosphere (i.e., holding capability).
3. At least one measurable electrical property must change with analyte accumulation, e.g., the impedance or the conductivity. The relation between the analyte loading level and the change of the electrical measurand has to be linear.
4. The sorption rate must be independent of the present analyte loading level of the sensitive layer so that no deterioration of the sorption efficiency with time occurs.
5. Ability to actively initiate a regeneration: the sensitive material must be able to release the formerly sorbed analyte molecules from the storage sites under defined conditions that are different from the sorption conditions (e.g., different temperature or gas composition). If there is no possibility to regenerate the storage material, the sensor is a single-use device.
Conductometric gas sensors using the accumulating sensing principle have been reported by several working groups for various analytes and sensitive materials (Sect. 3). The applied materials range from organic semiconductors to metal oxides, zeolites and carbon nanotubes. In the following an overview on the materials is given. Suitable materials for the accumulation sensing mode are materials that have been successfully applied as storage components, for instance in filters or catalysts, e.g., lean NO x traps or selective catalytic reduction (SCR) materials storing NH 3 . Geupel et al. (2011) applied NO x storage catalysts based on alkaline (earth) carbonates as coatings for NO x dosimeter operated at temperatures in the range of 300 to 400 • C. However, BaCO 3 serves also as a sulfur oxide adsorbing layer on a gas sensor to protect it from sulfur poisoning (Rettig et al., 2003) . The irreversible interaction of SO 2 with the NO x storage catalyst material causes a crosssensitivity of the NO x dosimeter but enables SO 2 dosimetry (Groß et al., 2012d) . Zeolites, being a common class of materials in SCR catalysis due to their NH 3 storage capability, are also viable materials as sensitive layers working in the accumulation mode. The gas sorption capacity of zeolites is very high and, due to their special framework structure, they hold a certain shape-selectivity. Upon gas sorption, zeolite materials are able to change their conductivity (Stamires, 1962; Eigenmann et al., 2000; Sahner et al., 2008) , making them potential candidates for dosimeter-type sensors. An example for the dosimeter-type conductivity change is proton conducting H-ZSM-5 adsorbing NH 3 (Simon et al., 1998; Franke et al., 2003; Kubinski and Visser, 2008) . Similar to those microporous zeolites, mesoporous materials might also be of interest, as they have been successfully applied as preconcentrators in gas sensors to enhance the sensitivity by analyte accumulation in the porous material via sorption .
Metal oxides also show potential as sensitive layers of gas dosimeters. Hennemann et al. (2012a) showed that CuO is an appropriate material for the accumulative detection of H 2 S being dominated by percolation effects. The conductivity of NiO shows a similar behavior in H 2 S containing gas atmosphere (Fremerey et al., 2012) . Other (transition) metal oxides, yet to be applied as sensitive material in conventional gas sensors, should be investigated concerning their suitability as gas dosimeter under modified sensing conditions that allow for irreversible analyte sorption, e.g., WO 3 and Al-activated WO 3 as H 2 S dosimeter at room temperature (Reyes et al., 2006) and SnO 2 as O 2 , H 2 O, and H 2 dosimeter (Yamazoe et al., 1979) . Mathieu et al., 2013 , for example, give a broad overview on the sorption of SO 2 by various oxides, e.g., CaO, TiO 2 , CeO 2 , MnO 2 and mixed oxides, meaning metal oxides in association with, e.g., Al 2 O 3 . They also describe the regeneration of the metal oxides by thermal decomposition of the metal sulfates (Mathieu et al., 2013) . With regard to the accumulating sensor principle, these materials hold a certain storage capacity, but it has to be clarified whether the SO 2 accumulation causes measurably changing electrical properties.
Another class of materials, providing a gas storage capacity that can be monitored by the resistance, are metal oxidecoated carbon nanotubes (Mangu et al., 2010) . Varghese et al. (2001) reported impedimetric gas sensors based on SiO 2 coated multi-wall carbon nanotubes as sensitive layer, showing the behavior of a conventional gas sensor towards H 2 O (Varghese et al., 2001) , O 2 and CO 2 (Ong et al., 2002) , but acting as a dosimeter in presence of NH 3 (Varghese et al., 2001; Ong et al., 2002) . Single-walled carbon nanotubes with SnO 2 coatings were applied by Mubeen et al. (2013) as resistive gas sensors. Their tests with several gases reveal the classical gas sensor response; however the behavior towards NO 2 is dosimeter-like.
As already shown, hydrogenated diamond is a well-suited material for the accumulating sensing method to detect NO 2 and NH 3 due to a pH change upon electrolytic analyte dissociation in the surface electrolyte layer Helwig et al., 2013) . The hydrogenated diamond-based sensor can be regenerated thermally by O 3 or UV light (Helwig et al., 2007 (Helwig et al., , 2008 .
Conductive polymers have already been applied for gas sensing applications. Bai and Shi show an overview on different polymers for gas detection. They described that some of the conductive polymers show an irreversible reaction to certain gases, making them a notable class of materials for gas dosimeters. However, it has to be kept in mind that polymers often show a poor long-term stability (Bai and Shi, 2007; Liu et al., 2012) . The conductive polymeric system PEDOT:PSS was applied as a gas sensitive layer by Liu et al. (2012) , acting as a classical gas sensor in the presence of NO x . However, initial tests of Marr et al. (2013) have shown that the conductive copolymer PEDOT:PSS is also a promising material for an accumulating gas sensing device. Their first measurements at room temperature with NO x as test gas show a dosimeter-type change of the resistance in presence of NO x .
Organic compounds also might be suitable materials for the integrating sensing principle. A resistive low-level NO 2 dosimeter based on iron (II) phthalocyanine was presented by Shu et al. (2010) . Padma et al. (2009 ) and Brunet et al. (2001 reported a NO 2 sensitivity of copper phthalocyanine. The Saltzmann reagent was applied in optical sensors for the detection of O 3 and NO 2 (Tanaka et al., 1998 (Tanaka et al., , 1999 Maruo, 2007; Maruo et al., 2009) , morpholines for NO 2 sensing (Matsuguchi et al., 2005) , eosin Y for NH 3 detection via the slope of the drain current of a based OFET (Klug et al., 2013) , and naphthyl polyenes to detect organic vapors electrically (Sircar et al., 1983) . Their suitability for resistive gas dosimeters should be investigated.
Even metals can be applied as sensitive materials for gas dosimeters: Mattoli et al. (2007) realized a sensing device based on a Au layer for the resistive, cumulative detection of gaseous Hg. Ag was found to be a suitable material for the detection of H 2 S in the accumulation mode by Angelini et al. (2009) and Chen et al. (2013) .
Additionally, Mukherjee et al. (2012) summarizes gas sensor materials interacting reversibly or partly irreversibly with various gases.
As already mentioned in Sect. 2, the temperature strongly influences the gas sensing behavior (Reyes et al., 2006; Andringa et al., 2012; Shu et al., 2012; Brandenburg et al., 2013; Groß et al., 2013a) . Since conventional gas sensors are mostly based on metal oxides as sensitive layer and these materials are known to be able to adsorb gases, e.g., SO 2 (Mathieu et al., 2013) , they might be suitable for applications in a gas dosimeter under modified operation conditions. The desorption of the analyte gas predominates at elevated temperatures if the analyte concentration in the gas phase decreases. The sensor signal changes reversibly, according to the established chemical equilibrium. Hence, the operation of the sensitive materials of conventional gas sensors at lower temperatures might reveal dosimeter-type sensing properties with analyte accumulation due to a reduced desorption rate. Similarly, BaCO 3 acts as NO x dosimeter at low temperatures (Groß et al., 2013b) but the recovery time after NO x sorption can be reduced by increasing the temperature, resulting in a reversible sensing characteristic (Tamaki et al., 1995) .
Conclusion and outlook
The accumulating sensing principle of solid-state gas dosimeters is a promising method in order to elude certain drawbacks of classical metal oxide gas sensors. Dosimetertype gas sensors are well suited for the detection of harmful, toxic gases. This is in accordance with the growing demand for sensing devices that are able to detect lowest analyte concentrations reliably, fast and over a long period of time, particularly in the field of air quality monitoring in workplaces and urban environments. Acting similar to passive samplers, gas dosimeters are able to detect very low concentration levels of gaseous pollutants. However, the dosimeter offers a real-time detection of the analyte dose, according to mean time values in emission and immission legislations. Due to the chemical accumulation of the analyte in the sensing material, the error-prone mathematical integration of the concentration-related sensor signal, as is necessary in cases of conventional gas sensors to measure doses, is not needed.
Being affected by several influencing factors, the accumulating sensing principle might be adapted to common gas sensing materials under modified measurement conditions. This overview shows a number of works applying and describing accumulating sensing behavior, but further investigations regarding the long-term stability of gas dosimeter have to be conducted, especially when the regeneration step is a thermal one. A comparison between classical gas sensors and gas dosimeters lists the advantages and disadvantages of both sensing principle. Nevertheless, different principles have to be tested under same conditions to compare them directly.
